Time-resolved pump-probe measurements were made at variable heat accumulation in Co/Pd superlattices. Heat accumulation increases the baseline temperature and decreases the equilibrium magnetization. Transient ultrafast demagnetization first develops with higher fluence in parallel with strong equilibrium thermal spin fluctuations. The ultrafast demagnetization is then gradually removed as the equilibrium temperature approaches the Curie temperature. The transient magnetization time-dependence is fit well with the spin-flip scattering model.
Introduction
Ultrafast demagnetization (UDM) is a laser-induced transient state, during which magnetization evolves several orders of magnitude faster than magnetization precession. It demonstrated the magnetic materials potential for practical applications at high frequencies, at which the macrospin approximation is no longer valid. The transient magnetization time-dependence M (τ ) has been measured in many materials, for instance in Ni and Gd [1, 2, 3] , FeRh [4] and FePt compounds [5] , and ferromagnetic Co/Pt superlattices [6, 7] . Stochastic models [8, 9] , scattering off impurities [10] , electron-phonon spin-flip scattering [1, 11] , non-local spin and electron diffusion models [12, 13, 14, 15, 16] , have been considered. UDM may be viewed as a laser-induced non-equilibrium spin fluctuation added to equilibrium thermal spin fluctuations. Measurements with equilibrium sample temperature increases up to 480 K and large UDM transients from strong pulses were consistent with predictions of spin-flip scattering models [17] . Different conditions are present when thermal spin fluctuations are larger than UDM transients. In contrast to experiments at low repetition rates on thick and thermally-conducting films, heat accumulation from high repetition rate lasers and thin samples on thermally-insulating substrates enable local variation of the equilibrium temperature up to the Curie temperature [18] . In addition, a smaller transient signal compared to previous UDM experiments is obtained with smaller pulse energies, associated with the high repetition rate.
In this work, time-resolved pump-probe measurements were made on Co/Pd superlattices at variable heat accumulation temperatures, when equilibrium thermal spin fluctuations dominate the ultrafast demagnetization transients. Partial, then complete demagnetization, from transient UDM and equilibrium heat accumulation are observed. Thermal spin fluctuations gradually reduce the average magnetization and the transient UDM induced by the pump pulse. Measurements confirm that full thermal demagnetization, at a Curie temperature T C = 610 K, is obtained before all-optical switching in Co/Pd superlattices in our experimental conditions. The spin-flip scattering model is applied to fit the transient demagnetization measurements.
Experiments

Setup
Ferromagnetic [Co/Pd] 4 superlattices were examined, in which cumulative all-optical switching (AOS) was observed with linearly-polarized light [19] . The samples were h = 4.1 nm thick with perpendicular magnetic anisotropy.
The pump-probe two-frequency setup has a non-collinear geometry, with measurements in transmission at normal incidence (figure 1). The linearly-polarized 800 nm pump and 400 nm probe beams, with pulses of τ p = 190 f s duration, were focused to stationary w 0 = 125 µm and w 1 = 80 µm spots, respectively, and the delay between the two pulse sequences scanned with a translation stage.
The sample magnetization was re-initialized between pump pulses with a constant field |B| = 300 G from two water-cooled coils. The relatively strong damping α ≈ 0.1 in Co/Pd [20, 21] insures that the magnetization is stable within the 12.5 ns time interval between pulses. This allows measuring transient processes with the same initial and final states. Measuring the AOS time dependence, with different initial and final states, requires that magnetization be reset between the pulses with a field pulsed at the TiS laser repetition rate (80 MHz) and cannot be currently done in our setup.
A balanced photodiode lock-in detection at the pump beam chopping frequency f = 2.069 kHz has been applied. The lock-in resultant R voltage dependence on delay τ for different applied fields B = ±300 G was separated into two components, S(τ ) = and A(τ ) = 1 2 R(−B) − R(B) , symmetric and antisymmetric in B, respectively. Intensity and polarization variations arise from temperature and birefringence transients. A configuration with a polarizer and analyzer near crossing minimizes non-magnetic contributions to the antisymmetric component A(τ ) [22] . Measurements away from crossing configuration resulted in a featureless A(τ ).
Results
The symmetric component S(τ ), obtained from measurements at different pump beam powers (figure 2), shows an overall offset S eq due to heat accumulation from multiple pulses [18] , and a prominent peak, similar to results for Co films [23] , with a step S step from one-pulse transients (figure 3). A Gaussian with a step function
The antisymmetric component A(τ ) (figure 4(a)) timedependence corresponds to type I UDM [1] , with demagnetization time smaller than equilibration time τ M < τ E , similar to Co and Co/Pt [6] , and consistent with measurements of UDM in Co/Pd with XMCD [24] , XRMS [25] , X-ray Fourier transform holography [26] , and optical Kerr Effect [16] . A rate equation double-exponential fit was applied to quantify the overall variations with fluence
where θ(τ ) is the unit step-function. The measurements were well fit with τ M = 0.25 ps, τ E = 1.3 ps, and
do not show a discernible dependence on fluence, unlike the results for τ E in Ref. [27] . A more detailed fit is done in section 3. The UDM amplitude A 1,2 has a non-monotonic dependence on power ( figure 4(b) ). It first increases with fluence, as observed before. In contrast to previous measurements, heat accumulation is significant and the amplitude decreases with further increases of fluence.
Heat accumulation temperature T acc cannot be neglected for thin samples and high-repetition rate lasers, with multiple pulses incident on the same area within the heat diffusion time
4D . Complete demagnetization by thermal spin fluctuations at high T acc is obtained at an incident pump beam power P inc = 170 mW which, from measurements of reflected and transmitted beam powers, corresponds to an absorbed power P abs = 40 mW . The increase of equilibrium temperature above the room temperature at the center of the beam is T acc,max = 310 K for P abs = 40 mW, h = 4.1 nm, w 0 = 125 µm, an interface conductance G > 10 6 W/m 2 K and the same thermal parameters as in Ref. [18] . This gives a Curie temperature T C = 610 K, consistent with results in similar samples of T C = 800 K for Co/Pd [28] and T C = 600 K for Co/Pt [6] . The A(τ ) plots have been stacked along a Brillouin m(T ) = M (T )/M 0 function for spin 1/2, normalized to the magnetization M 0 at T = 0, according to the heat accumulation temperature calculated at the center of the beam ( figure 4(a) ).
Measurements confirm that demagnetized states are induced in Co/Pd before AOS. Specifically, the time-resolved measurements were made with a w 0 = 125 µm diame- ter stationary beam. The AOS measurements were made with a w 0 = 50 µm diameter moving beam. The moving beam introduces a speed-dependent reduction factor of f = 0.75 and 0.3 in T acc compared to a stationary beam, for 1 mm/s and 10 mm/s speeds, respectively [18] . Therefore, the 170 mW power for full demagnetization in time-resolved experiments (figure 4(a)) corresponds to a (
power in the AOS experiments, or 36 mW and 90 mW for 1 mm/s and 10 mm/s speeds, respectively. This is less than the power required for AOS [19] . A fully demagnetized state is a precursor to cumulative AOS in Co/Pd. The demagnetized state can then evolve to a reversed state [29] .
Discussion
The equilibrium lattice temperature was varied over a wide range in our experimental conditions, with a relatively small transient lattice temperature induced by each low-energy pulse. The magnetization dynamics, determined by energy and angular momentum dissipation into the lattice, has been examined in detail in the spin-flip scattering model with very good fits to the measurements [1] .
The measurements will be fit with the spin-flip model. An unexplored connection between UDM and the spinboson model is applied first to obtain the spin-flip model functional dependence. 
Stochastic models of longitudinal magnetization dynamics
The time-evolution of a system out of equilibrium with its environment can be examined with stochastic methods. For instance, fluctuations of a superparamagnetic particle macrospin have been investigated with fluctuating magnetic fields ζ i added to the Landau-Lifshitz-Gilbert equation [30] . This gives a Langevin equation for each macrospin, a Fokker -Planck equation for their probability distribution with a diffusion in spin orientations, and a Bloch-type equation for the average magnetization [30, 31, 32] .
This method has been applied to laser-induced ultrafast magnetization dynamics of ferro- [9] and ferrimagnetic [33] films and particles, where the macrospin is fragmented in microscopic spins S i by the strong pump pulse. Each spin evolves according to a Langevin equation with stochastic fields ζ i [8] . This gives an equation for the average magnetization M , with an additional longitudinal damping term added to the standard precession and transverse damping. Keeping only the longitudinal term at the UDM timescale, the fragmentation and gradual reassembly during UDM of the normalized magnetization
where T < T C , γ is the gyromagnetic factor, α || the longitudinal damping factor, andχ || the longitudinal magnetic susceptibility [9, 31, 34, 35, 36, 37] . In equilibrium, 1/χ eq = kT /σ The rate is proportional to m − m eq for small magnetization amplitude variations m ≈ m eq . Equal scattering rates for transitions in opposite directions gives a zero net rate in detailed balance equilibrium. The net rate is proportional to the difference (m − m eq ) for small deviations from equilibrium. The overall factor (m 2 − m 2 eq ) can also be obtained with the Landau model free energy near T C [9, 34] . The equilibrium magnetization is m eq (t) = tanh ∆ 2kTe , where ∆ is the energy splitting between upand down-spin states, when spin fluctuations are averaged with the mean-field approximation [8, 9] . The pump pulse modifies ∆ and T e . In longitudinal dynamics m follows a time-dependent magnetization amplitude m eq (t).
Energy dissipation into a harmonic oscillator bath
A different approach to obtaining the time-evolution of a two-state system out of equilibrium with its environment has been developed with a spin-boson Hamiltonian [38] . Remarkably, the energy dissipation rate R of a two-state system with energy splitting ∆ into an oscillator heat bath has a simple dependence on bath temperature 
where T latt is the temperature and J(ω) is the spectral function of the bath ( figure 5(a) ) [39] . For a bath with one optical phonon branch J(ω) = πδ(∆ − ω)|G| 2 , where δ(∆ − ω) is the energy conservation factor and G is the coupling constant between the two-state system and the heat bath. The Fermi Golden Rule (FGR) is obtained R = 2π|G| figure 5(a) ). Inserting R into the result of the stochastic model gives
where A is an overall factor. The magnetization timedependence of the spin-flip scattering model [1] is obtained up to the overall factor A, since coth(∆/2kT latt ) → 2kT latt /∆ in the limit kT latt ω = ∆. This occurs near the Curie temperature T latt mT C when ∆ = 2kT C m of Ref. [1] is applied. Finding the overall factor A requires a scattering model, as done for an acoustic phonon spectrum [1] .
A two-step procedure was followed to fit the measurements. First, heat accumulation was calculated, to give the baseline temperature 300 K + T acc . Then, transients were added with two-temperature rate models and longitudinal magnetization dynamics. The electron and lattice temperature time-dependence are shown in figure 5(b) for P abs = 22 mW , corresponding to an incident power P inc = 95 mW and E pulse,abs = 0.3 nJ, with electronphonon coupling g ep = 75 × 10 16 W/(m 3 K) and an electronic specific heat coefficient γ e = 400 J/(m 3 K 2 ). The approximate magnitudes can be estimated from energy conservation, T e,max ≈ 2E pulse,abs γehw 2 0 + T 2 0 ≈ 499 K, when neglecting the transfer of energy to the lattice over the duration of the pulse, where T 0 = 475 K is the initial temperature, including the heat accumulation. Similarly, the lattice temperature step increase after one pulse is T latt ≈ E pulse /(C latt hw 2 0 ) ≈ 1.5 K. The magnetization was calculated with the spin-flip model and is compared to measurements for P inc = 95 mW in figure 5(c) . The maximum transient demagnetization is ≈ 1 %, smaller than the 26 % equilibrium demagnetization at this power ( figure 4(a) ).
The measured demagnetization ∆m(τ ) is an average over probe beam area and measurement time at each delay τ . Spin fluctuations are averaged with the mean-field approximation and the reduction of UDM amplitude at high pump power shows the increased thermal spin fluctuations σ M indirectly. Slower superparamagnetic particle equilibrium macrospin fluctuations have been measured [40] and obtained numerically from the Langevin equation [32] . Xray measurements of faster spin fluctuations during UDM are currently limited by the maximum fluence that can be applied to a sample in single-shot mode in SAXS [41] or X-ray Fourier transform holography [42] . Little is known about the transient magnetic entropy S M (τ ) during UDM. In contrast to ∆m(τ ) , related to magnetization σ M and field ζ i ζ j fluctuations, magnetic entropy is related to the statistical correlation ∆M ∆S M between magnetization and entropy and a different aspect of ultrafast magnetization dynamics. Experimental access to high equilibrium temperatures opens new opportunities and may be applied to examine the time-dependence of non-equilibrium laserinduced magnetic entropy during ultrafast demagnetization.
Conclusion
Heat accumulation in nanostructures facilitates measurements at large equilibrium temperatures. Ultrafast demagnetization in Co/Pd ferromagnetic superlattices is measured in new experimental conditions, for large thermal spin fluctuations and small laser-induced transients. The transient demagnetization evolves in parallel with equilibrium thermal demagnetization up to the Curie temperature. Measurements confirm that full demagnetization occurs before all-optical switching in Co/Pd in our experimental conditions. The magnetization time-dependence is fit well with the spin-flip scattering model.
